The role of extracellular DNA in the maintenance of biofilms formed by gram-positive and gram-negative bacteria was studied. This study evaluated all the bacterial strains that were tested for the presence of extracellular DNA with an average size of 30 kb in the matrix. Our results indicate changes in community biomass, architecture, morphology, and the numbers of CFU in the presence of DNase. This effect seems to be common to biofilms established by various unrelated gram-positive and gram-negative bacteria. The cleavage of extracellular DNA leads to the formation of an altered biofilm that permits the increased penetration of antibiotics. Thus, the addition of DNase enhances the effect of antibiotics, resulting in decreased biofilm biomass and numbers of CFU.
It is well known that bacteria form biofilms, in which they survive in the presence of high concentrations of antimicrobial agents (13, 23, 28, 51, 52, 55) . Antibiotics at concentrations of 10 2 to 10 4 times the MIC cause no killing effect on the bacteria in biofilm communities (2, 7, 14, 22, 24, 32, 54) . Bacterial survival in biofilms may be determined by multiple different factors. Biofilms are covered by a surface film composed of lipid components similar to those in bacterial membranes, which are a barrier for the penetration of some antibiotics (57, 59) . The roles of separate components of the biofilm matrix in the bacterial life have recently been studied (17, 26, 50, 63) . It is known that the matrix consists of proteins, polysaccharides, lipids, and nucleic acids, which form an extracellular polymeric substance (EPS) (21, 34, 56, 64) . Some suggest that EPS can interact with antibiotics in a manner that leads to a decline in antibacterial activity (5, 8, 29) . It was also shown that bacterial survival in biofilms in the presence of antibiotics can be determined by special cells persisters, which are tolerant to various drugs (27, 31, 35, 51) . Recently, extracellular DNA has been found in the matrix of Pseudomonas aeruginosa and Neisseria gonorrhoeae biofilms (1, 26, 32, 50, 63) . Previously, free circulating DNA was found in human blood plasma (3, 45, 61) , and it is also present in marine sediments and soil (6, 15, 16, 44, 60) . It was shown that the extracellular DNA in the biofilm matrix could take part in the development of bacterial communities (25, 40, 49, 63) . It can be released by live cells, possibly via membrane vesicles composed of bacterial lipids (65) , or it may enter the matrix from lysed cells (10, 18, 19, 48, 58, 65) . We have recently found cell-free DNA as a component of EPS in biofilms formed by various unrelated gram-positive and gramnegative bacteria and fungi (G. Tetz and V. Tetz, unpublished data). It was previously shown that the destruction of the extracellular DNA of P. aeruginosa and Streptococcus pneumoniae could change the properties of the biofilms formed by these bacteria (30, 40, 63) . At the same time, this phenomenon has not been studied with other microorganisms. The role of extracellular DNA in the interaction of bacterial biofilms with environmental factors is also unclear. Thus, the aim of the present study was to evaluate established biofilms for the presence of extracellular DNA and the role of the extracellular DNA in the established biofilms formed by various bacteria and to evaluate whether the antimicrobial effect of antibiotics can be enhanced by destroying this DNA. Medium and culture conditions. The liquid media used for bacterial growth were Luria-Bertani (Becton Dickinson, Sparks, MD), Mueller-Hinton (bioMerieux, Paris, France), Schaedler (bioMerieux), and Haemophilus test medium (Becton Dickinson) broths. The strains were grown at 37°C, and liquid cultures were incubated without shaking. Before use in the biofilm experiments, the cells were harvested and washed twice with 0.15 M isotonic phosphate buffer (pH 7.2), and the cell suspensions were standardized to an optical density at 520 nm of 0.8.
MATERIALS AND METHODS

Bacterial
Enzymes. Bovine pancreatic DNase I (Sigma Chemical Co., St. Louis, MO) with a specific activity of 2,200 Kunitz units/mg, RNase A (Sigma), and proteinase K (Sigma) were used.
Antibiotics. The antibiotics tested were ampicillin (ICN), cefotaxime (ICN), rifampin (rifampicin; Sigma), levofloxacin (Sigma), and azithromycin (Pfizer).
Planktonic antimicrobial susceptibility testing. MIC tests were performed in cation-adjusted Mueller-Hinton and Haemophilus test medium broths according to the guidelines of the Clinical and Laboratory Standards Institute for broth microdilution susceptibility testing (11, 12) .
Biofilm formation assay. An inoculum was prepared by using a 24-h broth culture. The inoculum, which contained 7.53 Ϯ 0.22 log 10 CFU/ml, was added to the wells of 96-well plates (200 l/well), 35-mm petri dishes (2 ml), and coverslips that were placed in glass tubes (2 ml) (all from Sarstedt, Germany); and the plates, dishes, and coverslips were incubated at 37°C for 24 h.
Biofilm CFU assay. Biofilms were grown in 96-well plates for 24 h at 37°C. Liquid medium with bacteria was aspirated from the wells, which were then washed with isotonic phosphate buffer (0.15 M, pH 7.2). The biofilms were scraped thoroughly, with particular attention given to the well edges. The contents of the wells were again aspirated and then placed in 1.0 ml of isotonic phosphate buffer (0.15 M, pH 7.2), and the total number of CFU was determined by the serial dilution method and plating on the appropriate media.
Microscopy. For visualization of the biofilms by light microscopy, bacteria were grown on glass coverslips for 24 h at 37°C. Established biofilms were treated with various concentrations of DNase I and were incubated for an additional 24 h at 37°C. The coverslips were washed with a continuous spray of isotonic phosphate buffer (0.15 M, pH 7.2) and glued to a slide. The slides were air dried for 20 to 30 min and were fixed by gentle heating and allowed to cool. Then, 0.1% crystal violet (gentian violet in isopropanol-methanol-1ϫ phosphate-buffered saline [PBS; 0.01 M sodium phosphate, pH 7.2, 0.15 M NaCl] [1:1:18]) was placed on each glass slide, and the slides were incubated for 15 min at room temperature. The slides were then washed thoroughly with 1ϫ PBS until the PBS ran clear. The slides were mounted with immersion oil for microscopy (Sigma) and were examined with an Axiolab microscope (Carl Zeiss, Oberkochen, Germany) at a magnification of ϫ100. Images were acquired with a PowerShot G3 digital camera (Canon, Tokyo, Japan) attached to the microscope.
Quantitative determination of biofilm formation. Quantitative determination of biofilm formation was performed by the spectrophotometric method, which measures the total biofilm biomass, including bacterial cells and EPS (43) . The liquid medium with the bacteria was aspirated from the wells, and the wells were washed with isotonic phosphate buffer (0.15 M, pH 7.2) without disturbing the adherent film. The biofilms were stained with 200 l of 0.1% crystal violet and incubated at room temperature for 30 min, and excess stain was removed by three gentle washes with sterile distilled water. After the biofilms had dried, the crystal violet was solubilized by adding 200 l of ethanol-acetone (80:20, wt/wt), and the extent of biofilm formation was determined by measuring the absorbance of the stained adherent film at 570 nm with a microplate reader (Stat-Fax-2100).
Effect of antibiotics and DNase I on established biofilms. Biofilm formation was carried out in a 96-well plate, as described above for the biofilm formation assay. After 24 h of incubation at 37°C, the supernatant from each well was gently aspirated with a micropipette. Each well was washed three times with isotonic phosphate buffer (0.15 M, pH 7.2) under aseptic conditions to eliminate the unbound bacteria, without disturbing the adherent film; and 200 l of the particular antibiotic, DNase I, or antibiotic together with a DNase I dilution in the appropriate medium was added. The plates were incubated at 37°C for 24 h. After exposure to antibiotic, DNase I, or antibiotic together with DNase I for 24 h, the solutions were discarded and the wells were filled (200 l) with isotonic phosphate buffer (0.15 M, pH 7.2). The numbers of CFU were counted or quantitative determination of biofilm formation was carried out.
Isolation of extracellular DNA. Biofilm formation was carried out in petri dishes, as described above for the biofilm formation assay, for 24 h at 37°C. The supernatant was aspirated, and the biofilms were gently washed three times with isotonic phosphate buffer (0.15 M, pH 7.2) without disturbing the adherent film. Biofilms were scraped from the petri dishes in the presence of 0.5 ml of isotonic phosphate buffer (0.15 M, pH 7.2), and the biofilm matrix was separated from the bacteria by centrifugation at 5,000 ϫ g for 10 min (5415 C centrifuge; Eppendorf Geratgebau GmbH, Engelsdorf, Germany). Extracellular DNA was extracted from the biofilm matrix with phenol-chloroform and was precipitated with 100% cold ethanol, as described previously (38) .
Electrophoresis. The size of the extracted DNA was ascertained by electrophoresis on a 1.0% agarose gel (ICN) in the presence of 0.5 g/ml of ethidium bromide, which was used for DNA staining, and the DNA was visualized under UV light (UV Transilluminator 2000; Bio-Rad).
Digestion with DNase, RNase, and proteinase K. The nucleic acids that were extracted with phenol-chloroform were then resuspended in 20 l of sterile distilled water. Twenty microliters of the purified nucleic acids was treated with either DNase I (final concentration, 100 U/ml), RNase A (final concentration, 20 g/ml), or proteinase K (final concentration, 0.5 mg/ml) (all from Sigma), according to the manufacturer's protocol. The products from the untreated and the treated samples were analyzed by 0.7% agarose gel electrophoresis and ethidium bromide staining.
Preparation of DNA digestion products. Enzyme-digested DNA was obtained by adding 100 g/ml of DNase I to standard chicken embryo DNA (ICN), and following incubation for 24 h at 37°C, the enzyme was inactivated by heating in a water bath for 15 min at 100°C.
Effect of DNA digestion products on biofilm formation. Different concentrations (20, 50 , and 100 g/ml) of the digested DNA in 200 l of the appropriate medium were simultaneously inoculated together with the 24-h bacterial broth culture in a 96-well plate as described above for the biofilm formation assay, and the plate was incubated at 37°C for 24 h.
Statistical analysis. All statistic analyses were performed by using the statistics package Statistica for Windows (version 5.0). A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Confirmation of the presence of extracellular DNA in biofilm matrix. Extracellular polymeric molecules with molecular sizes of about 30 kb were found in the matrices of all bacterial biofilms tested after phenol-chloroform extraction. To evaluate the nature of these molecules, they were stained with ethidium bromide, which is known to bind specifically to double-stranded nucleic acids (33) . Moreover, enzymatic treatment of 20 l purified extracellular polymeric molecules with DNase I, RNase A, or proteinase K with subsequent analysis by 0.7% agarose gel electrophoresis indicated that only DNase I treatment resulted in the complete removal of the 30-kb DNA band. The results indicate that the extracellular matrix of bacterial biofilms formed by unrelated gram-positive and gram-negative bacteria contains detectable DNA fragments of about 30 kb.
Antimicrobial susceptibility testing of planktonic suspensions. We studied the in vitro susceptibilities of bacterial strains in planktonic suspensions to antimicrobial agents, including representatives of classes of antibiotics with different mechanisms of action; and the results are shown in Table 1 .
Effect of DNase I on 24-h-old biofilms. The susceptibility of established biofilms to different concentrations of DNase was studied by microscopy, spectrophotometric analysis, and determination of the numbers of CFU. The results are shown in Table 2 .
Microscopy of biofilms treated with different concentrations of DNase I revealed changes in the morphologies of the bacterial communities (Fig. 1) . Biofilms that were not treated with DNase I formed a confluent biofilm (Fig. 1A) . A microscopic study of the biofilms treated with different concentrations of DNase I (Fig. 1B to D) displayed regions of various sizes that were practically free of cells. Microcolonies were not conflu- ent, and their sizes and numbers were decreased in biofilms treated with DNase I compared with their sizes and numbers in the control that was not treated with DNase I. These changes were common for all strains tested, as the original appearance was not restored during the subsequent 120 h of biofilm growth. Established 24-h-old biofilms were treated with various concentrations of DNase I for 24 h at 37°C, and then the biomass was subsequently determined spectrophotometrically. Thereafter, the biomass of the biofilm was determined and compared with the biomass of the biofilm not treated with DNase I.
The results of four independent experiments, summarized in Table 2 , indicate that DNase I has a consistent effect on established biofilms of various bacteria. This dose-ranging study revealed a DNase concentration-dependent reduction in biomass. DNase I at a concentration 5.0 g/ml decreased the biofilm biomass by approximately 40% for all strains tested but did not change the numbers of CFU (Table 3) . Thus, we used DNase I at a concentration of 5.0 g/ml in the subsequent experiments.
Effects of DNA digestion products on biofilm biomass. The toxicity of the decay products formed during the digestion of extracellular DNA might be another cause of the observed changes in the amounts and the characteristics of the biofilm. To exclude such an effect, we have added to an E. coli biofilm a DNA digest obtained in vitro by the digestion of DNA in the presence of DNase I. The properties of the biofilms formed in the presence of the DNA digest at concentrations ranging from 20 to 100 g/ml of DNase I remained unchanged.
Effects of antibiotics and combined use of DNase I and antibiotics on 24-h-old biofilms. Different concentrations of antibiotics used alone or together with DNase I were added to 24-h-old biofilms, and the mixtures were incubated for 24 h at 37°C. Antibiotics at concentrations 1 to 10 times the MIC did not change either the biomass of the 24-h-old biofilms or the numbers of CFU of the bacterial strains evaluated in this study. Addition of antibiotics at concentrations of 50 times the MIC to the 24-h-old established biofilms decreased the biofilm biomass by 0.0 to 30.0% ( Fig. 2A to E) . We therefore used the antibiotics at concentrations 50 times their MICs to evaluate their effects on established biofilms. ␤-Lactams decreased the biomasses of the E. coli, A. baumannii, and H. influenzae biofilms only slightly (6 to 10%) but did not change the characteristics of the P. aeruginosa and K. pneumoniae biofilms ( Fig.  2A and B) . Under the same conditions, when ␤-lactams and DNase I at 5.0 g/ml were added together to the 24-h-old microbial communities, the biomasses of the E. coli, A. baumannii, H. influenzae, P. aeruginosa, and K. pneumoniae bio- 10 CFU/well) were measured after 24 h of growth in the presence of antibiotic at 50 times the MIC or DNase I (5 g/ml), or both, as described in Materials and Methods. The results are the means Ϯ standard errors of the means from three independent experiments, with viable counts done in triplicate. *, significantly different from the corresponding value for the control (P Ͻ 0.05); all other values are not significantly different; **, significantly different from the corresponding value for the antibiotic-treated biofilms (P Ͻ 0.05); all other values are not significantly different; ND, not done.
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films were reduced by 53.0% to 67.0%. Gram-positive bacteria were much more susceptible to ampicillin and cefotaxime, which reduced the biomasses of the S. aureus and S. pyogenes biofilms by 10 to 15%. The combined use of ß-lactams and DNase I at 5.0 g/ml caused reductions in the biomasses of these gram-positive bacterial biofilms of 41.0 to 46.0%. Levofloxacin and rifampin caused 10 to 30% decreases in the biomasses of 24-h-old biofilms of both gram-negative and grampositive bacteria. When DNase I was used together with levofloxacin or rifampin, the biofilm biomasses in microbial communities formed by gram-positive and gram-negative bacteria were reduced by 43 to 64% (Fig. 2C and D) . Azithromycin was tested only against gram-positive bacteria and H. influenzae, and the biomasses were reduced by 20 to 25%. The combination of azithromycin and DNase at 5.0 g/ml reduced the biomass of the H. influenzae biofilm by 59% and those of gram-positive bacterial biofilms by 49 to 54% (Fig. 2E) . The numbers of CFU were changed by different antibiotics, although the changes in this parameter was less variable than the changes in the biofilm biomass. ␤-Lactams did not statistically significantly reduce the numbers of CFU of the grampositive and gram-negative bacteria tested, although combinations of ␤-lactams with DNase I at 5.0 g/ml caused 10-to 15-fold decreases in viable bacterial counts (Table 3) .
Levofloxacin and rifampin each reduced the numbers of CFU of S. aureus and S pyogenes in biofilms by on the order of Thus, when they were added together, antibiotics and DNase I significantly reduced the biofilm biomasses of all bacteria studied. The numbers of CFU were also more significantly reduced by the use of the antibiotics in combination with DNase I than by the use of the antibiotics alone.
DISCUSSION
The use of biofilms for the development of new principles for the enhancement of the clinical effectiveness of antibiotics is a subject of intensive investigation (8, 34, 42, 53) . We have evaluated extracellular DNA of about 30 kb that appeared to be a universal component of the matrices of all biofilms formed by the bacteria tested. The presence of extracellular DNA in human and animal plasma, ocean sediments, and bacterial biofilms indicates that it is an important component of the microbiome and pangenome (4, 16, 47, 56) .
The fact that DNase I reduced the established biofilms suggests that extracellular DNA is essential for the maintenance of these bacterial communities. There are several proposals concerning the role of extracellular DNA in biofilm function. The possible roles of extracellular DNA as a polymeric substance (37, 46) , a nutrient (20) , and a gene transporter (25) have been considered. Our data suggest that the alteration of the biofilm biomass in the presence of DNase I is broadly observed in the biofilms of different unrelated gram-positive and gram-negative bacteria. We suppose that this effect is a result of extracellular DNA destruction, as the DNase that we have used does not penetrate bacteria (36) and its effect is realized outside the cells. We have demonstrated that this effect, which was observed on 24-h-old biofilms formed by diverse bacteria, is constant and concentration dependent and results in 28% to 70% reductions in the community biomass with DNase I concentrations varying from 0.5 to 1,000 g/ml. The overall morphology of the biofilms, as revealed by microscopy, is modified in the presence of DNase I, although the numbers of CFU remained unchanged. The biomass of biofilms is defined by the bacteria and the extracellular matrix (8) . The bacteria within biofilms can be viable (as determined from CFU counts), viable but nonculturable, or dead (39, 41, 62) . The discrepancy between the relatively constant number of viable bacteria and the reduction of the biofilm biomass in the presence of DNase I or antibiotics measured spectrophotometrically may result from the decreased amount of the extracellular matrix and the decreased number of viable but nonculturable or dead bacteria. Thus, the number of CFU remains constant, even though the total biofilm biomass is reduced. Because the number of CFU after treatment of the biofilm with DNase I remains unchanged, spectrophotometric measurement of the amount of crystal violet incorporated into a biofilm allows estimation of the amount of the extracellular matrix together with the amount of viable but nonculturable and dead bacteria or the strength of biofilm adhesion to a surface. A decrease in the biofilm biomass by addition of DNase I to 24-h-old biofilms may be realized because of the decreased amount of the extracellular matrix or the formation of a more weakly bound biofilm. Thus, spectrophotometric analysis of biofilm biomass allowed us to compare the characteristics of biofilms treated or not treated with DNase I.
The possible toxic effect of DNase I or DNA digestion decay products as an explanation for the alteration of the biofilm biomass cannot be completely ruled out. The addition of a DNA digest suggested that neither DNase I itself nor the decay products formed as a result of extracellular DNA digestion possess a toxic effect on the bacteria or the biofilms.
It is known that the bacteria within biofilms are much less susceptible to antibiotics because of the poor penetration of antimicrobials through the surface film that covers the microbial community and because of inactivation of the antimicrobials by the extracellular matrix (8, 9) .
The effects of DNase I and various antibiotics when they were used separately and together on the established biofilms of various gram-positive and gram-negative bacteria were noted. The addition of antibiotics at concentrations 50 times their MICs decreased the numbers of CFU in the biofilms of some species by 10 1 to 10 4 but had no notable effects on others. At the same time, the use of a combination of antibiotics at concentrations 50 times their MICs with DNase I at 5.0 g/ml (which had no effect on the numbers of CFU of 24-h-old biofilms when it was used alone) decreased the numbers of CFU 2-to 15-fold more than the use of the antibiotics alone did. The use of a combination of antibiotics and DNase I resulted in a significant decrease in the established biofilm biomass compared to the reduction of biomass achieved when each antibiotic or DNase I was used alone. It is not clear what role extracellular DNA plays in biofilm formation and maintenance. Our data indicate that the destruction of extracellular DNA by DNase I leads to a decrease in the extracellular matrix/EPS, and as a result, antibacterial agents act more effectively to reduce the biofilm biomass and the numbers of CFU.
